I n t e n s i t y ( a . u . ) E x p e r i m e n t S i m u l a t i o n 2 θ ( d e g r e e ) dislocations, respectively. Using high-resolution angle-resolved photoemission spectroscopy (ARPES), for the first time we have found that the low-lying valence band of the as-grown p-SnSe exhibits the unique "pudding-mold " shape with quasi-linear dispersion, which could compellingly account for the high S xx in this material. We show unambiguous evidences that locally segregated SnSe 2 micro-domains play crucial roles in determining the observed hole doping in SnSe. By utilising different growth methods and fine tuning growth parameters, we demonstrate that the extrinsic hole doping in SnSe can be widely tuned from semiconducting to 1.23 × 10 18 cm −3 . The ARPES deduced non-parabolic band parameters and multi-valley Fermi surface are well supported by the transport results of Shubnikov-de
Haas oscillations in magnetoresistance (MR), which shows distinct non-saturating weak localization along the armchair axis. Such highly anisotropic quantum localization phenomena can be enhanced by increasing hole doping, suggesting the importance of strong intervalley scattering assisted by in-plane ferroelectric dipole field of the puckering lattice. Strikingly, quantum oscillations also reveal unusual interlayer coupling strength and three-dimensional
Fermi surface in p-SnSe, contradicting to the two dimensional nature of the BP-type layered structure. Using atomic force microscopy, it is found that SnSe monolayers are heavily interwoven by high intensity of point dislocations, which retain the antiferroelectric stacking order in the bulk but interconnect two second-nearest neighbouring monolayers with the same dipole orientation by point defects.
I. RESULTS
Single crystal growth and characterization. Figure 1a illustrates the layered structure of SnSe, which is essentially a binary analogue of black phosphorus [13] with alternating Sn (red) and Se (blue) rows forming puckering bilayer structure in the b − c plane. Two different crystallographic directions of armchair (c-axis) and zigzag (b-axis) can be clearly distinguished. As summarized in Table I, g , and A 3 g for the P nma phase (Figure 1c) , which is consistent with previous reports [14, 15] . The high quality of our single crystals is also confirmed by the XRD results of the ground polycrystal sample, in which the characteristic Bragg diffraction peaks perfectly match the #62 space group (Figure 1d ).
Remarkably, without the introduction of any external dopants, different batches of SnSe single crystals exhibit distinct conduction behaviours, ranging from semiconductivity to metallicity. In a short summary, the flux cooling rates from the highest growth temperature (950
• C) determine the hole doping levels and thus the resistivity of SnSe. For SF and BR growth, the fast cooling in 24 hours to 400
• C (SF1, SF6, SF7, SF11, SF12, BR1, and BR2) leads to metallic behaviour, while the slow cooling in 7 days to 400
• C (SF8) produces semiconducting SnSe with thermal activation behaviour. Using optical microscopy and atomic force microscopy, we have identified two unique types of defects in SnSe, namely point dislocations and SnSe 2 micro domains embedded in SnSe single crystals, respectively (see SI). Unexpectedly, there is a strong correlation between the conduction behaviour in SnSe and the concentrations of SnSe 2 micro crystals, which are typically several micrometers in lateral sizes and several MLs to several tens MLs in thickness (see SI). With a threshold of ∼0.3% SnSe 2 , the resistivity vs temperature (ρ − T ) curves of SnSe becomes metallic over the whole T range from 300 K to 1.5 K (the lower panel of Figure 1e ), while semiconducting SnSe shows negligible concentration of SnSe 2 micro domains (the upper panel of Figure   1e ). source. In a temperature gradient of 800 − 700
• C over 12 cm, a pure phase of SnSe has been obtained by the sublimation and re-deposition process, while SnSe 2 was removed due to the low melting point.
We have noticed that SnSe single crystals with high ZT values reported in the literatures all belong to the metallic type in our study. In particularly, the RT hole doping of the SF3 batch (∼ 6×10 17 cm −3 ) matches the reference report [2] , which holds the highest reported ZT value. The experimental S xx of SF3 SnSe (∼ 570 µV /K at 300 K. See SI) also shows striking consistency with the crystals used in Ref. [2] . By cooling down the SF3 samples to 1.5 K, we have observed that the ρ − T curve shows a minimum at around 50 K, followed by an upturn down to the base temperature. By measuring the Hall signals, we determined that the ρ − T behaviour from RT to 50 K is mainly due to hole mobility enhancement at low temperatures ( Figure 1f ), which is typical for metals, but not consistent with thermally activated charge transport in semiconductors. Such metallic behaviour is general for different batches of holedoped SnSe with significant presence of SnSe 2 micro domains. As a comparison, we have also systematically studied the T -dependent charge transport of the SF1 batch, which have a factor of two higher hole doping of 1.23 × 10 18 cm −3 . As shown in Figure 1f , hole mobility of the SF1 sample shows the same T -dependence as SF3, despite that the highest mobility point at 50 K is 1.5 times larger in the latter. The resistivity upturn of hole-doped SnSe below 50 K is a transport signature of weak localization (WL) [16] , as we will clarify later in the quantum transport part. 2b). However, the detailed band structure in the vicinity of the E F of SnSe still shows some pronounced differences between the DFT and ARPES results. For DFT, as highlighted in Figure 2f , the band top of VB1 is found along Γ − Z with the Brillouin-zone positions of (0.00, 0.00, 0.52). Moving toward the zone boundary, there is another local VB maximum located at (0.00, 0.00, 0.64), which is yet about 50 meV lower than the band top. However, the ARPES determined VB maxima of this band are nearly equal in energy (Figure 2g ), leading to the formation of the unique pudding-mold shaped band.
ARPES resolved electronic structure of p-SnSe, compared with DFT calculations. ARPES measured band dispersions along high-symmetry directions Z − Γ − Z (a), Black squares here represent the boundary of the first BZ.
As illustrated in Figure 2h , a pudding-mold band is characterized by a relatively flat portion at the top which bends sharply to the quickly dispersive lower portion. Consequently, when the chemical potential is moderately tuned to be around the bending point, S xx would become unusually large due to a rapid change in charge carrier mobility across E F [17] . In the case of SF1 SnSe presented here, such band geometry effect could be more drastically enhanced by the quasi-linear band dispersions of VB1, as highlighted by the X-shaped dashed lines in Figure 2g . By plotting constant energy contours, we can naively evaluate the FS evolution as function of rigid chemical potential shifts (E B ), which is equivalent to doping changes, and thus get insights into the thermoelectric performance of heavily p-doped SnSe.
As shown in Figure 2i The insets of (a) and (c) show the sketches of constant-energy contours of FSs for SF1 and SF3
respectively. Intervalley scattering assisted by the in-plane dipole field along Γ − Z is enhanced when the two pudding-mold valleys become closer.
significant above 3 T (Figure 3c ). For this sample, WL for I b and B a is very similar to SF1 SnSe.
The doping-dependent anisotropic WL phenomena in p-SnSe are in coincident with a strong in-plane dipole field along the Γ − Z direction, which originates from the binary BP lattice [18, 19] . For multi-valley FSs in p-SnSe, such a strong dipole field may cause strong intervalley scattering to change the charge transport characteristics. Using the ARPES results, we have compared the FSs of SF1-and SF3-SnSe. As show in the insets of Figure   3a and Figure 3c , with 2 times higher hole doping in SF1 SnSe, the Fermi energy is by ∼ 5 meV, which reduces the separation between the two pudding-mold valleys from 0.104 A −1 to 0.098 A −1 [20] . Consequently, intervalley scattering is expected to be enhanced, considering that each SnSe monolayer is ferroelectric with a net dipole filed along the armchair direction [18, 19] . For non-relativistic fermions, an increase in intervalley scattering generally leads to the suppression of WL, which can be quantitatively modelled by a simplified model [21] of
in which α 1 is a fitting coefficient representing the overall WL effect, B is the magnetic field, l φ is the phase coherence length, F (x) is the Hurwitz zeta function (See SI), and cB The observed anisotropic quantization for I c and I b is rooted in the puckering lattice of SnSe, which has higher mobility for the zigzag axis than the armchair direction for p-doped while the stacking sequence between the top and second ML is reversed crossing the point defect.
(e) LK-model fit of the T -dependent SdH amplitudes for SF3 SnSe, yielding similar effective mass around 0.2 m e for both directions.
crystals [5] . To our surprise, the angle (θ) dependence of SdH oscillations for both current configurations are rather weaker when the transverse field is rotated from the out-of-plane (B a) to the in-plane direction (B b or B c). In Figure 3c , we plotted the polar contour of the θ-dependent SdH oscillations for SF1 SnSe with I bc, which also reveals a 3D FS independent of current flow. Such experimental results in SnSe can be directly compared to the two-dimensional quantum oscillations in BP [13, 22, 23] , which shares the same puckering bilayer structure of resonantly bonded p-orbitals. The absence of a 1/cos(θ) dependence in the SdH oscillation frequencies (see SI for detailed analysis) and the robust quantum oscillations for in-plane B strongly suggest that self-doped p-SnSe has considerable interlayer coupling to suppress the two-dimensional nature of the BP-type lattice, which is theoretically predicted to have marginally higher interlayer coupling energy than graphite [19] .
Although SnSe 2 microcrystals play a critical role in determining the resistivity of SnSe, it is unlikely that the unusually enhanced interlayer coupling in SnSe is correlated to the local phase segregation. This is straightforward to see since two-dimensional SnSe 2 micro domains are randomly intercalating between the puckering SnSe monolayers, which destroys the stacking order of SnSe crystal. Instead, we found that point dislocations may be responsible for the strong interlayer coupling and 3D FS in SnSe. As shown in Figure 4d For SF1 SnSe, the dislocation density is larger than 4.5 × 10 4 mm −2 , which corresponds to more than one dislocation site in a randomly searched area of 10 × 10 µm 2 (see SI for AFM statistics). Such a high density of interlayer defects interweave SnSe MLs along the a axis, and thus greatly weaken the two-dimensionality of SnSe. The three-dimensionality of FS induced by point dislocations is also manifested in effective mass (m * ), which is a quantitative parameter representing the band dispersion along different crystallographic axes. By fitting the T -dependent SdH amplitudes using the Lifshitz-Kosevich (LK) formula, we can get the effective mass for different I and B configurations ( Figure 4e ). As summarized in Supplementary Table S1 , m * deduced by quantum oscillations are comparable between the interlayer direction and the in-plane axes. Such band parameters are well supported by the ARPES results, which yield an effective mass of m * = 0.258m e for the "pudding-mold" VB.
II. DISCUSSION
We have used synchrotron radiation based ARPES and quantum transport measurements to probe the electronic structure of SnSe. The first-time resolved "pudding-mold" VB with quasi-linear energy dispersion may hold the key to understand the extraordinary thermoelectric performance of p-SnSe. Within the experimental hole doping levels achieved to date, charge transport in p-SnSe is contributed by two pudding-mold pockets, which could explain the multi-valley nature of the observed unusual thermoelectric transport in Na-doped SnSe.
Equally important, the ultra-high S xx in p-SnSe also benefits from the band geometry of the "pudding-mold" VB, which causes drastic change in charge carrier mobility across E F .
Interestingly, by further increasing hole doping to E B = 0.18 eV, we would reach the saddle point of the pudding-mold VB. It is also tempting to explore S xx in p-SnSe at higher E B of 0.2 eV and 0.6 eV, where two sets of extra valleys will be activated in thermoelectric transport. However, this would require micro-mechanical exfoliation and device fabrications so that thickness-dependent study of SnSe becomes feasible. By introducing heavy ionic-liquid doping in SnSe thin-film devices, the ultimate thermoelectric performance of SnSe could be systematically explored. In the two-dimensional limit, such SnSe electronic devices would also be fascinating platforms to explore exotic physical phenomena, such as quantum Hall effects [23] and multi-ferroelectric properties [18, 19] .
The origin of the pudding-mold VB, which significantly deviates from the DFT calculations, is beyond the scope of this study. Nevertheless, it may be due to the hybridisation of the Se p-orbitals and Sn 5s bands, which is extremely sensitive to the local Sn-Se polyhedron environments [3] . Indeed, we have observed that VB along Γ − Y , which is contributed by Se 4p y -orbitals with negligible weight of Sn 5s states, shows high degree of consistency between the ARPES results and DFT calculations (Figure 2e ). For the modelling of the pudding-mold VB, it is also important to take into account the unique point dislocation defects, which have drastically changed the 2D nature of ideal SnSe as evident by the quantum oscillation results. In the vicinity of these point defects, the local Sn-Se bonding network are likely to be disturbed by the reversing of stacking sequences between neighbouring MLs, leading to changes in the hybridisation of the Se 4p-and Sn 5s-orbitals.
Our results provide insights into the self-hole doping mechanism in SnSe, which is controlled by randomly distributed SnSe 2 micro domains inside the bulk. An alternative strat-egy to introduce self hole doping in SnSe without the formation of intercalating SnSe 2 is vacancy engineering. As shown in Table I , by using non-stoichiometric growth flux with insufficient Se, SnSe single crystals (SF12) with RT ρ and hole concentration comparable to stoichiometric SF11 have been prepared, which suggests strong p-doping effect by Se vacancies. A systematic transport study on Se vacancy doped p-SnSe is now under way. The highly anisotropic quantum localization phenomena in p-SnSe also remind us that beyond the extraordinary thermoelectric performance, SnSe offers rich physics to be explored, which are rooted in the binary BP-type puckering structure. Three techniques are employed to grow SnSe single crystals, i.e., self flux, Bridgeman, and physical vapor deposition (PVD), in a tubular furnace and a two-temperature zone furnace, respectively. As shown in Figure S1 , for the self flux method, the growth flux is placed in the highest T zone in the furnace; for the Bridgeman method, the tube end holding the flux is placed in the low T zone, while the other end is placed in the high temperature zone to form a T gradient for the growth section; for the PVD method, we synthesized SnSe crystal by fast-cooling self flux method first. The grown crystals with ∼ 1% SnSe 2 were ground thoroughly and then sealed again. The tube was placed in the two-temperature zone furnace with a T -gradient of 50K. The detailed growth curves for different batches of samples are summarized in Table S1 .
Angle-resolved photoemission spectroscopy measurements. ARPES measurements were performed at the "Dreamline" beamline of the Shanghai Synchrotron Radiation
Facility equipped with a Scienta D80 analyser. The energy resolution was set to 10 meV and the angular resolution was set to 0.2 • . The samples were cleaved in situ and then measured at 13 K in a vacuum better than 5 × 10 −11 Torr. The ARPES data were collected using linearly horizontal-polarized lights with a vertical analyser slit.
X-ray diffraction. The crystallographic orientations and lattice structure of SnSe single crystals were determined by X-ray Bragg diffractions using a PAN-alytical X'Pert MRD diffractometer equipped with Cu K α radiation and a graphite monochromator.
Temperature-dependent transport measurements. Different batches of SnSe single crystals were cut into rectangular shapes with the armchair and zigzag edges. Typical sample dimensions are 2×1×0.2mm 3 , corresponding to the b-,c-, and a-axes respectively. Due to the p-type doping, silver paint or epoxy are not suitable to make electric contacts. Instead, we spot welded 25 µm-diameter Pt wires to our samples using a single pulse Sunstone welder to prepare the standard six-contact Hall-bar configurations. For metallic samples, the contactresistance is less than 10Ω. All the transport properties were measured in a Oxford-14T
cryostat, using Keithley 2400 and 2182A as current sourcemeter and nanovoltagemeters, respectively. Seebeck coefficients were measured with a temperature gradient of < 0.5K, using two E-type miniature thermocouples to measure the ∆T .
Density-functional theory calculations. The electronic structure of SnSe was calculated with the Vienna ab initio simulation package (VASP) [24, 25] by the method of the projector augmented wave [26] and the generalised gradient approximation (GGA) [27] , to take the exchange-correlation potential as well as spin-orbit coupling into account. The plane-wave cutoff energy is set at about 400 eV and the k-point sampling is performed by the Monkhorst-Pack scheme [28] . The total energy is ensured to be converged within 0.002 eV per unit cell.
Non-contact atomic force microscopy. We used ambient non-contact AFM (nc-AFM) on a multi-mode Park NX10 system to characterize the surface morphology of freshly cleaved SnSe single crystals. The point dislocation intensity is analysed by AFM imaging of 20 random locations spread over the whole crystal surface. For q-plus AFM, we conducted in-situ cleavage of bulk SnSe crystal followed by heating up the sample at 490 K for 2 hours to create clean surface required for high-resolution nc-AFM measurement. The turning-fork based q-plus sensor was employed to perform the nc-AFM experiment at 4.3K in ultrahigh vacuum conditions (< 2×10 −10 Torr). Q-plus nc-AFM imaging of SnSe crystal was measured in the constant amplitude mode, using the frequency shift as the feedback set point (∆f = -26 Hz, f 0 = 24.58 kHz, Q = 12,000, and Amplitude = 0.5 nm).
